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ABSTRACT 
 
Strontium isotopic composition and major and minor trace element compositional data 
allows us to classify waters and identify sources of dissolved solutes to deduce history of surface 
waters. In this study, such data were used to investigate the compositions and sources of solute 
found in selected surface waters from the Colorado Front Range and vicinity.  The major ion 
compositions of surface waters draining from the eastern slope of the central Front Range are 
similar. Bulk water composition of upper Boulder Creek, Left Hand Creek and Coal Creek are 
all classified as Ca-Mg-Cl type. Most of the solutes in these waters were likely derived from 
weathering of local Precambrian granitic rocks and gneisses, but with the additional Ca from 
surface dust and rainwater deposition.  Strontium compositions of creeks in this study reflect 
weathering and mixing from underlying bedrock. Coal Creek and upper Boulder Creek have 
strontium isotopic compositions (87Sr/86Sr>0.720) consistent with the weathering of Precambrian 
crystalline rocks, but strontium in Left Hand Creek is significantly less radiogenic 
(87Sr/86Sr~0.712877) and may reflect weathering of early Cenozoic alkaline intrusive rocks 
present only in this subwatershed.  Lower Boulder Creek is also a Ca-Mg-Cl type water, but has 
lower 87Sr/86Sr than the upper reaches of this stream and likely reflect the addition of low 
87Sr/86Sr derived from Cretaceous sedimentary rocks across which the creek traverses 
immediately to the east of the Front Range.  Finally, Lake Creek, at high elevation in the 
Sawatch Range of central Colorado is a Ca-Mg-Cl water but has significantly higher dissolved 
metal concentrations than any of the Front Range creeks likely reflecting weathering of 
hydrothermal sulfide deposits found in the creek headwaters.  The strontium characteristics and 
rare earth element concentrations normalized to chondrite in Lake Creek waters are consistent 
with what we see in bedrock tuffs and so are consistent with the weathering of altered, Oligocene 
ash flow tuff in the headwaters. These results illustrate again how the compositions of the surface 
waters are largely controlled by local bedrock compositions.  
 
INTRODUCTION 
 
This study provides a detailed report of surface water geochemistry during low-flow 
conditions of Boulder Creek, Left Hand Creek, Coal Creek and Lake Creek in the Colorado 
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Front Range and vicinity. In any hydrogeological setting, surface water and groundwater are 
main sources of water. Surface water includes water from rivers, streams and lakes.  The 
dissolved solutes and suspended sediment compositions of these waters are influenced by many 
factors including bedrock weathering, surface precipitation compositions, biologic activity and, 
anthropogenic factors. Strontium isotopes prove to be a useful tool in investigating weathering 
and transport history of waters because the relative abundances of strontium isotopes vary in 
nature due to the radioactive decay of 87Rb to 87Sr (with a half life of ~49 billion years). 
Combining strontium isotopic characteristics with other chemical data allows us to constrain 
water-rock interaction and mixing (Mikova, 2012).  
This study helps to elucidate the factors controlling surface water geochemistry in 
different creeks throughout Colorado. Physical parameters such as temperature, pH, electrical 
conductivity (EC) and total dissolved solids (TDS) were measured in the field. Analysis of major 
cations and anions resulted in bulk water classifications of Front Range creeks, located in north 
central Colorado and Lake Creek, located in S. Lake County and N. Chaffee County of west 
central Colorado. From west to east, the affects of urban populations on the compositions of 
surface waters greatly increase. Left Hand Creek and Lower Boulder Creek show evidence of 
being largely affected by anthropogenic processes including mining and agriculture (Clary, 
2015).  Lake Creek watershed remains unchanged by anthropogenic affects due to its isolated 
location. Lake Creek watershed contains evidence of natural acid rock drainage associated with 
hydrothermally altered terrain (Neubert et al., 2011). This study characterizes surface water 
chemistry of creeks in Colorado and uses strontium isotopes as a tracer from bedrock dissolution 
and exchangeable strontium adsorption. 
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BACKGROUND 
Geographic Setting 
 
St. Vrain/Boulder Creek Watershed 
The St. Vrain watershed drains ~ 5,000 km2 of the east flank of the Front Range in 
Boulder County, and is comprised of the St. Vrain Creek and Boulder Creek subwatersheds 
(Image 1). St. Vrain Creek and its tributaries flow through the northern portion of Boulder 
County while Boulder Creek and its tributaries flow through the southern portion of Boulder 
County (Image 2). The confluence of two streams occurs at the main stem of St. Vrain Creek 
east of the Boulder County line.  St. Vrain creek ultimately joins the South Platte River in 
Eastern Colorado (Clary et al., 2015). 
Elevation variations in the St. Vrain watershed are large (4000-1500 m) (Clary et al., 
2015) and result in a variety of climate zones throughout the plains including alpine, subalpine, 
montane, foothills and plains (Murphy et al., 2000). The three major tributaries to Boulder Creek 
are Coal Creek, South Boulder Creek and Fourmile Creek (Image 2). Major tributaries to St. 
Vrain creek are Left Hand Creek, S. St. Vrain Creek and N. St. Vrain Creek. Boulder Creek 
headwaters are in protected high alpine areas but as the creek continues downstream 
anthropogenic influences increase (Murphy et al., 2000). Anthropogenic effects are apparent in 
the waters of the St. Vrain Creek Watershed due to mining, which has played a major role in the 
development of the area. Acid mine drainage has been created by about 300 hard rock mill sites, 
500 hard rock mine sites and 80 coal mining sites within Boulder County (Church et al., 1994).  
The areas of this study’s concern are Coal Creek, Boulder Creek and Left Hand Creek. 
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Image 1. Map of the St. Vrain watershed encompassing the Boulder Creek and St. Vrain Creek 
Watersheds (Clary et al., 2015) 
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Image 2. Boulder Creek Watershed municipal locations, major highways and protected and 
wilderness areas (Murphy et al., 2000) 
 
Lake Creek Watershed 
Lake Creek Watershed lies within South Lake County and North Chaffee County of West 
Central Colorado and covers ~500 km2.  Elevations range from about 2,800 meters near Twin 
Lakes to 4,000 meters at Red Mountain (Bird et al., 2006) (Image 3). Lake Creek Watershed lies 
just west of the confluence of Lake Creek and the upper Arkansas River and east of Red 
Mountain above Peekaboo Gulch (Bird et al., 2006). The range in elevation results in climactic 
zones varying from montane to subalpine and alpine, with little affect from anthropogenic 
sources. Unlike the St. Vrain watershed, Lake Creek Watershed is severely affected not by acid 
mine drainage, but acid rock drainage (ARD).  The area of this study’s concern is the main stem 
of Lake Creek just above Twin Lakes Reservoir and due southeast of Independence Pass. 
 
Image 3. Map of the Twin Lakes region encompassing the Lake Creek watershed and the 
southern border of Lake County, northern limit of Chaffee County and the Continental Divide 
(Bird et al., 2006) 
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Geologic Setting 
The Boulder Creek Watershed is split into two primary geologic compositions, crystalline 
bedrock of the upper Boulder Creek to the west and sedimentary bedrock underlying the lower 
Boulder Creek to the east (Murphy et al., 2000). Precambrian age silicic igneous and 
metamorphic bedrock underlies the headwater catchment of the Boulder Creek Watershed 
(Hedge et al., 1967).  In addition, the watershed is cross cut by the Colorado Mineral Belt which 
is a northeast trending set of intrusive igneous rocks of Late Cretaceous to Early Tertiary age (50 
Ma to 70 Ma), that are related to the formation tungsten, zinc, copper, gold, silver and other 
metallic ore deposits (Verplanck et al., 2000).  Examples of alkaline intrusive rocks associated 
with the Colorado Mineral Belt are found in Jamestown, within the Left Hand Creek catchment. 
According to Mindat.org, 113 different minerals are identified in the Jamestown district 
including seventeen different telluride minerals, eight rare earth bearing minerals and three 
germanium bearing minerals. 
As Boulder Creek flows out of the Front Range into the Great Plains to the east, the rock 
composition varies drastically from Precambrian crystalline rock to sedimentary Triassic rock. 
The lower Boulder Creek Watershed overlies Paleozoic and Mesozoic sedimentary rocks.  These 
rocks were deposited within or adjacent to an epicontinental ocean that repeatedly transgressed 
the continent during the first half of the Phanerozoic. The sedimentary formations were tilted 
steeply eastward during the Late Cretaceous “Larmaide” orogeny, ultimately leading to the 
dramatic landscape seen throughout Boulder County today, including the Flatirons in Boulder 
that mark the border where climate zones transition from alpine, subalpine, and montane to 
foothills and plains (Murphy et al., 2000). Anthropogenic affects are seen in waters of the 
foothills and plains of the Boulder Creek Watershed. 
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Image 4. Generalized geologic map of the northern Front Range of Colorado (Hedge et al., 
1967) 
In contrast to the Front Range creeks, the headwaters of Lake Creek is underlain almost 
entirely by the Grizzly Peak ash flow tuff (~34 Ma) and underlying Tertiary intrusive rocks 
(Johnson and Fridrich, 1990). The Grizzly Peak Caldera was subject to widespread hydrothermal 
alteration, porphyry Cu-Mo deposits, and Au bearing quartz-pyrite veins, abundant in sulfides 
and other minerals that produce acid rock drainage when weathered (Bird el at. 2006).  
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Image 5. Geologic map of Lake County, extending into the northern region of Chaffee County, 
Lake Creek runs along State Route 82 in the southwest corner of Lake County (Cappa and 
Bartos, 2007) 
 
METHODS 
Fifteen water samples were collected in total during low flow on Feb. 13th-21st along the 
main stem of Upper Boulder Creek (1BC), Lower Boulder Creek (2BC), Lake Creek (3LC), 
Coal Creek (4CC), and Left Hand Creek (5LHC). Upper Boulder Creek samples were collected 
on the north side of Canon Park off of Boulder Canyon Dr. Lower Boulder Creek samples were 
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collected west of the bridge at the intersection of 75th St. and Jay. Lake Creek samples were 
obtained next to Perry Peak Campground due west of Twin Lakes reservoir. Left Hand Creek 
samples were from west of the intersection of Left Hand Canyon Dr, and Highway 36. Coal 
Creek samples are collected on the north side of Coal Creek Dr. about four miles up the canyon 
from Highway 93.  
Field measurements at the sampling sites included air temperature, dissolved oxygen (at 
Lake Creek), pH, specific conductance, total dissolved solids and alkalinity. Specific 
conductance and total dissolved solids were measured at the same time on site, by immersing 
probes in situ (directly in the stream). Dissolved oxygen, alkalinity, and pH were measured in 
glass 100 mL beakers filled with unfiltered stream water. Temperature and pH were measured 
using an Orion 290 A pH meter.  At each site the pH electrode was calibrated with a 7 and 4 pH 
buffer, which bracketed the measured pH, thermally equilibrated with the sample water. The pH 
was measured in a beaker separate from the stream and required time to equilibrate due to the 
low temperatures of the streams. Dissolved oxygen was measured using High Range Dissolved 
Oxygen AccuVac Ampules and a HACH colorimeter.  AccuVac ampules contain a reagent 
vacuum-sealed in a 12-mL ampule. When the AccuVac ampule is broken open in a sample 
containing dissolved oxygen, a yellow color forms, which turns purple as the oxygen reacts with 
the reagent. The color read by the colorimeter is proportional to the concentration of dissolved 
oxygen (Method 8166). Alkalinity was measured on-site using unfiltered water in a beaker and a 
Bach alkalinity meter. Bromocresol Green was used as an indicator of P alkalinity to a pH of 8.3 
the sample is titrated with sulfuric acid to a colorimetric end point corresponding to the specific 
pH evident in color change from green to Methyl Red.  Total dissolved solids and specific 
conductivity were measured using a HACH conductivity/TDS meter (44600-00) by submerging 
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the meter directly into the stream and waiting for the equipment to reach an equilibrium point 
and then recording values.  Sample containers used to collect filtered and unfiltered water 
samples at each site were 250 mL Nalgene bottles. Cation sample bottles for each site were 
soaked in concentrated nitric acid for 24 hours and did not need to be rinsed with sample water 
before filling, they were then acidified on site reaching a pH of 1.50 using 2.0 M nitric acid .  
Anion sample bottles and glassware for each site were cleaned using RBS 35 Detergent 
Concentrate. The unacidified sample bottles were rinsed three times in stream water and 
remained cooled to sustain a constant temperature post sample collection.  Unfiltered samples 
were collected directly from each creek and labeled (1-5A).  Filtration was performed on site 
using a 0.45 µm Cellulose Acetate filter and a hand filtration pump and then labeled (1-5B), 
filters and filtration systems were wetted with D.I water and the first 30-50 ml of water filtered to 
waste before final sample was collected.  
Water sample chemical compositions were obtained at the LEGS laboratory at the 
University of Colorado Boulder. Major cations (Ca, Mg, P, Na, K, Fe, Mn, Si) for filtered and 
unfiltered acidified samples were determined using an FISONS 3410+ Inductively Coupled Mass 
Plasma Spectrometer (ICP-MS). Major anions (F, Cl, Br, NO2, NO3, PO4, SO4) were determined 
by a Dionex Series 4500I Liquid Ion Chromatography. Trace elements were determined using an 
Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES). For the ICP-MS and 
ICP-OES and Ion Chromatograph external standards, blanks, and sample dilution were made 
with commercial trace analysis grade standards (Verplanck et al., 2000). Sample duplicates were 
measured to measure external reproducibility of each analytical method (Table 1-6).  
Water sample 87Sr/86Sr ratios and strontium concentrations of filtered waters were 
obtained by thermal ionization mass spectrometry in the TIMS Clean Laboratory located at the 
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University of Colorado Boulder. Sample preparation for the TIMS involved spiking water 
samples with 84Sr (for isotope dilution based Sr concentration determinations).  The water 
samples were then dried and then dissolved in weak nitric acid.  The solution was passed through 
a Sr specific resin to separate strontium from the original sample.  The separated strontium was 
loaded in nitric acid and dried by resistive heating on rhenium metal ribbon. The samples were 
then suited for analysis of strontium isotopic abundances in the mass spectrometer. Strontium 
isotope systematics works to display variations in Precambrian crystalline rock and younger 
sedimentary rocks because different rocks contain different 87Sr/86Sr signatures. Different ratios 
exist due to initial 87Sr concentrations and the amount of radiogenic strontium derived from 87Rb 
overtime. Precambrian crystalline rocks tend to contain higher 87Sr/86Sr than younger 
sedimentary rocks because 87Sr/86Sr depends on age of bedrock and Rb/Sr ratios of bedrock 
(Karen and Gunter, 1979), these compositions are reflected in our waters. 
Data was tabulated using different programs including Excel, Aabel, and Geochemist’s 
Workbench supplied by the TIMS Clean Laboratory at the University of Colorado. Data for all 
samples was checked using a charge imbalance equation. C.I. (percent)= 100*(sum cations-sum 
anions)÷(sum cations+sum anions). The sum anions and sum cations are measured in 
milliequivalents/liter (meq/L) (Table 6). External reproducibility is denoted in the results 
sections from the calculation relative percent difference for error from analytical duplicates.  
Hardness is the milliequivalents of CaCO3, in other words the equivalents of Ca2+ and Mg2+ per 
liter of solution, assuming the solution contains only CaCO3. Harness was calculated with 
equation ([{(Ca2+ mg/L/40)*2}+{( Mg2+/24mg/ L)*2}]*100)/2 (Hanson, 2009). 
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RESULTS 
Surface waters from all three creeks sampled from the St. Vrain watershed (Upper 
Boulder Creek, Left Hand Creek and Coal Creek) all have similar surface water characteristics.  
Bicarbonate, magnesium, calcium, sodium, silica and sulfate are the major dissolved constituents 
in each of the waters, accounting for 98% of total dissolved species. Triangular axes on the Piper 
trilinear diagram represent ion percentages in meq/L. Plotted on the left triangle are cation 
percentages and plotted on the right triangle are anion percentages, the points in each triangle are 
then projected diagonally upward, parallel to the borders of the diagram to their point of 
intersection. This yields the locations of bulk water composition representation, also known as 
chemical facies (Piper, 1994). Water types are designated to specific zonation (Ghosh and Padhy, 
2013). The major ion abundances in the analyzed samples are those expected for Ca-Mg-Cl type 
waters (Fig. 1,2). Instead of a trilinear diagram, the Schoeller diagram uses a series of line and 
scatter plots, where majors are the on the dependent axis and composition in meq/L is on the 
independent axis (Fig. 3,4). This diagram results in the same classification for waters as the Piper 
diagram. 
The absolute amount of bicarbonate, magnesium, calcium and silica are similar in the 
three Front Range creeks but Coal Creek has a sodium content (28.633 mg/L) double that of Left 
Hand Creek (8.192 mg/L) and upper Boulder Creek (9.177 mg/L) ranging in one milligram per 
liter for filtered vs. unfiltered waters.  Sulfate concentrations in Left Hand Creek (54.6 mg/L) are 
more than double the values (filtered and unfiltered) determined for the UBC (23.19 mg/L), and 
Coal Creek (11.08 mg/L). Coal Creek has high chloride concentrations of 66.8 mg/L (filtered), 
and 67.43 (unfiltered) compared to 13.26 mg/L for filtered and unfiltered for upper Boulder 
Creek and 8.52 mg/L (filtered) and 8.25 (unfiltered) mg/L in Coal Creek. 
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The major ions abundances of filtered and unfiltered waters are similar (Table 2-5) but 
trace metals abundances are generally higher in the unfiltered samples, specifically aluminum 
and copper in Left Hand Creek (Table 6). 
Upper Boulder Creek and Coal Creek have a similar pH of an average 8.0  ± 0.1 but Left 
Hand Creek was more acidic, with a pH of 6.95 ± 0.02.  The Left Hand Creek sample also had a 
higher specific conductivity (250 uS/cm ± 0.01). Water types according to hardness range from 
soft (0-60), moderately hard (61-120), hard (121-190) and very hard (>180) (Hansen, 2009). 
Waters of Left Hand Creek are the hardest, with upper Boulder Creek being the softest of all of 
the waters sampled but each are classified as moderately hard.  
The Coal Creek and Upper Boulder Creek samples have lower Sr concentrations (139 
ug/L, 158.1 ug/L) (Table 7) and higher measured 87Sr/86Sr ratio (0.724629, 0.720456) than LHC 
waters (487.7 ug/L and 0.712877) (Fig. 6).   
Lower Boulder Creek has a higher specific conductivity (455 ± 0.1uS/cm) than any of the 
samples measured in this study. The pH of lower Boulder Creek is the most basic of all the 
samples, with a pH of 8.607 ± 0.005. Lower Boulder Creek also has the highest TDS (228.0) and 
has the greatest bicarbonate concentration (88.9 mg/L). It has the highest Ca, Na, Mg, K, Zn and 
Cl concentrations (Table 2-6). LBC has similar Cl- concentrations (66.55 mg/L (filtered) and 
66.83 (unfiltered)) to Coal Creek and the greatest total sum of majors (Fig. 3,4). REE 
concentrations are similar in lower Bolder Creek, Coal Creek and upper Boulder Creek (Fig. 
8,9,11).Compared to the upper Boulder Creek, this sample has significantly lower 87Sr/86Sr 
ratios (0.716358) and harder waters (Fig. 6)  
Lake Creek has very different hydrochemistry from waters of the Front Range. The bulk 
water composition of filtered water in Lake Creek is Ca-Mg-Cl type, while it’s unfiltered water 
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is classified as Ca type (Fig. 1,2). Lake Creek of Lake County, Colorado has low concentrations 
of total dissolved solids and bicarbonate compared to typical urban stream waters (Fig. 3,4). In 
unfiltered Lake Creek water samples the iron, copper and aluminum concentrations are 
anomalously high, similar to Left Hand Creek (Table 6). The nickel (7±1 ug/L) and zinc (48-
165.66 ug/L) concentrations in unfiltered and filtered samples of Lake Creek is high compared to 
the other four locations (Table. 6). Left Hand Creek shows similar trends in REE enrichment of 
LREE’s as Lake Creek in respect to chondrite meteorite (Fig. 10). Lake Creek has similar 
strontium characteristics to Left Hand Creek (Fig. 12), with high strontium concentrations but a 
significantly lower 87Sr/86Sr ratio (271.8 ug/L, 0.713589) (Table 7) (Fig. 6).  
A fundamental property of aqueous solutions is that they are electrically neutral, five 
percent is usually the most reasonable limit for accepting the analysis as valid (Table 8). But 
because of the large number of constituents present in natural waters, and difficulties regarding 
analytical precision, perfect charge balance of zero is unlikely (Basu, 2008). The charge 
imbalance was moderate (10-15%) for most samples except unfiltered lower Boulder Creek. 
Charge imbalance could be due to analytical imprecision when determining concentrations at or 
near the detection limit (Murphy et al., 2000). It cannot be ruled out that charge imbalance can 
also be due to systematic error during analysis, omitting dissolved species (major ions) in 
measurements, when using unfiltered samples that contain particular matter which dissolved 
upon addition of acids (Aqion, 2016). The trace element data provided in this study contains a 
moderate amount of error. 
 
 
Table 1. Results of water analyses of Upper Boulder Creek, Lower Boulder Creek, Lake Creek, 
Coal Creek and Left Hand Creek 
[mg/L, milligrams per liter, --, not analyzed] 
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Site TDS 
(mg/L) 
Specific 
Conductivity 
(uS/cm) 
Alkalinity 
HCO3 
(mg/L) 
pH Dissolved 
Oxygen 
(mg/L) 
Air 
Temp 
(DegC) 
U. Boulder 
Creek 
93.4 184.5 ± 0.5 33.4 ± 0.1 8.064 ± 
0.005 
-- 15.6 
L. Boulder 
Creek 
228.0 455 ± 0.1 88.9 ± 0.1 8.607 ± 
0.005 
-- 17.8 
Lake Creek 87.2 174.0 ± 0.5 12.5 ± 0.1 7.123 ± 
0.005 
11.0 8.3 
Coal Creek 170.0 170.0 ± 0.1 43.9 ± 0.1 7.934 ± 
0.005 
-- 7.8 
Left Hand 
Creek 
126.0 250.0 ± 0.1 46.7 ± 0.1 6.95 ± 
0.02 
-- 7.8 
 
 
 
Table 2. Results of filtered water analyses of major cations of each site using IPC-MS methods 
[mg/L, milligrams per liter, --, zero concentration] 
Site Si  
(mg/L) 
Mn  
(mg/L) 
Fe  
(mg/L) 
Mg  
(mg/L) 
Ca 
(mg/L) 
Na  
(mg/L) 
 K  
(mg/L) 
1B 4.104 0.005 0.053 5.869 17.916 8.192 1.454 
2B 3.025 0.028 0.037 12.343 33.671 31.121 2.899 
3B 2.916 0.063 <0.007 3.47 21.261 2.694 38.2 
4B 4.804 0.005 0.019 6.474 23.381 28.633 1.701 
5B 5.667 0.12 0.08 6.667 26.6 9.177 1.515 
% 0.035 0.830 2.469 0.874 0.233 1.020 6.883 
 
 
Table 3. Results of unfiltered water analyses of major cations of each site using IPC-MS methods 
[mg/L, milligrams per liter, --, zero concentration] 
Site Si  
(mg/L) 
Mn  
(mg/L) 
Fe  
(mg/L) 
Mg  
(mg/L) 
Ca  
(mg/L) 
Na  
(mg/L) 
 K  
(mg/L) 
1A       4.164 0.009 0.101 5.88 17.449 8.003 1.416 
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2A 3.092 0.032 0.138 12.129 33.623 31.885 47.675 
3A 3.304 0.065 0.984 3.584 21.363 2.471 0.749 
4A 4.857 0.007 0.056 6.489 23.237 28.434 7.558 
5A 5.712 0.131 0.298 6.784 26.999 9.085 5.066 
% 0.332 1.539 2.649 0.384 0.751 0.670 8.650 
 
Table 4. Results of filtered water analyses of major anions of each site using Ion 
Chromatography 
[mg/L, milligrams per liter, --, zero concentration] 
Site F   
(mg/L) 
Cl 
(mg/L) 
NO2 
(mg/L) 
Br 
(mg/L) 
NO3 
(mg/L) 
PO4 
(mg/L) 
SO4 
(mg/L) 
1B 0.14 13.26 <0.005 0.03 0.49 0.08 22.86 
2B 0.19 66.55 <0.005 0.07 0.81 0.07 36.6 
3B 0.12 0.31 <0.005 0.03 0.79 0.01 63.34 
4B 0.17 67.43 <0.005 0.02 1.58 0.06 11.08 
5B 0.82 8.25 <0.005 0.01 0.6 0.01 55.5 
 
 
 
 
       
Table 5. Results of unfiltered water analyses of major anions of each site using Ion 
Chromatography 
[mg/L, milligrams per liter, --, zero concentration] 
Site F   
(mg/L) 
Cl 
(mg/L)  
NO2  
(mg/L) 
Br 
(mg/L) 
NO3 
(mg/L) 
PO4 
(mg/L) 
SO4 
(mg/L) 
1A       0.15 13.26 <0.005 0.04 0.45 0.14 23.19 
2A 0.19 66.83 <0.005 0.05 0.75 0.04 36.73 
3A 0.13 0.28 <0.005 0.03 0.7 0.12 64.71 
4A 0.19 67.58 <0.005 0.02 1.56 0.15 11.2 
5A 0.81 8.52 <0.005 0.03 0.53 0.22 54.56 
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Table 6. Results of trace element composition of each sampling site using IPC-OES methods 
[µg/L, microgram per liter, --, zero concentration] 
Site Ag  
(µg/L) 
Al  
(µg/L) 
As  
(µg/L) 
Ba  
(µg/L) 
Cd  
(µg/L) 
Ce  
(µg/L) 
Co  
(µg/L) 
1A       <1,000 10.49 0.62 30.89 <0.023 0.11 0.05 
1B <1.000 <3.041 0.58 29.61 <0.023 0.06 0.03 
2A 21.52 <3.041 1.43 58.33 <0.023 0.10 0.10 
2B 2.59 <3.041 1.10 57.12 <0.023 0.02 0.08 
3A <1.000 3556.83 <0.172 44.65 0.27 4.70 4.73 
3B 30.60 <3.041 0.24 45.93 0.32 1.77 4.72 
4A 11.30 4.30 0.37 59.43 <0.023 0.08 0.06 
4B <1.000 <3.041 0.33 59.02 <0.023 0.02 0.06 
5A 9.97 132.53 0.46 53.15 0.03 0.47 0.20 
5B <1.000 8.01 0.32 50.32 <0.023 0.03 0.16 
% 2.106 0.484 6.477 1.025 6.038 2.133 1.762 
 
 
Site Cr  
(µg/L) 
Cs  
(µg/L) 
Cu  
(µg/L) 
Dy  
(µg/L) 
Er  
(µg/L) 
Eu  
(µg/L) 
Gd  
(µg/L) 
1A       2.18 0.02 0.88 <0.005 <0.007 0.01 0.01 
1B 2.41 0.01 1.02 <0.005 <0.007 0.01 -- 
2A 4.07 0.03 3.24 <0.005 <0.007 0.01 -- 
2B 3.52 <0.006 3.03 <0.005 <0.007 0.01 <0.004 
3A 0.67 <0.006 116.60 0.47 0.21 0.15 0.77 
3B 0.47 0.09 30.19 0.05 0.02 0.02 0.14 
4A 1.74 <0.006 1.41 <0.005 <0.007 0.01 0.01 
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4B 1.95 <0.006 1.68 <0.005 <0.007 0.01 <0.004 
5A 1.76 0.01 2.54 0.01 <0.007 0.01 0.04 
5B 1.79 <0.006 2.03 <0.005 <0.007 <0.003 <0.004 
% 0.084 0.006 0.019 0.005 0.007 0.003 0.004 
 
        
Site Ge  
(µg/L) 
Hf  
(µg/L) 
Ho  
(µg/L) 
La  
(µg/L) 
Lu  
(µg/L) 
Mn 
(µg/L) 
Mo 
(µg/L) 
1A       <0.032 <0.002 <0.007 0.07 <0.005 7.90 <2.123 
1B <0.032 <0.002 <0.007 0.04 <0.005 5.08 <2.123 
2A <0.032 <0.002 <0.007 0.07 <0.005 30.85 <2.123 
2B <0.032 <0.002 <0.007 0.02 <0.005 26.85 <2.123 
3A <0.032 <0.002 0.08 2.85 0.01 66.28 <2.123 
3B <0.032 <0.002 <0.007 1.74 <0.005 66.26 <2.123 
4A <0.032 <0.002 <0.007 0.07 <0.005 7.28 <2.123 
4B <0.032 <0.002 <0.007 0.02 <0.005 5.73 <2.123 
5A <0.032 <0.002 <0.007 0.27 <0.005 138.12 <2.123 
5B <0.032 0.02 <0.007 0.03 <0.005 129.07 <2.123 
% 0.032 0.002 0.007 0.004 0.005 0.032 2.123 
 
 
Site Nb  
(µg/L) 
Nd  
(µg/L) 
Ni  
(µg/L) 
P  (µg/L) Pb  
(µg/L) 
Pd  
(µg/L) 
Pr  
(µg/L) 
1A       <0.006 0.08 0.63 7.74 <0.022 <0.009 0.02 
1B <0.006 0.04 0.62 4.63 <0.022 <0.009 0.01 
2A <0.006 0.05 1.60 67.36 1.46 <0.009 0.01 
Cristo, N., Geochemistry and Strontium Characteristics  
 21 
2B <0.006 0.01 1.31 5.67 <0.022 <0.009 <0.003 
3A <0.006 3.07 6.67 <1.992 <0.022 <0.009 0.76 
3B <0.006 0.80 7.96 233.25 1.80 <0.009 0.22 
4A <0.006 0.07 0.79 6.62 0.12 <0.009 0.01 
4B <0.006 0.05 0.86 2.31 <0.022 <0.009 <0.003 
5A <0.006 0.25 1.15 10.17 0.86 <0.009 0.06 
5B <0.006 0.02 1.10 3.16 <0.022 <0.009 <0.003 
% 0.291 0.006 0.024 1.992 0.022 0.009 0.003 
 
 
Site Pt  
(µg/L) 
Rb 
(µg/L) 
Rh 
(µg/L) 
Ru 
(µg/L) 
Sc (µg/L) Sb 
(µg/L) 
Se (µg/L) 
1A       <0.005 1.33 <0.011 0.08 1.55 0.10 0.21 
1B <0.005 1.27 <0.011 0.07 1.38 0.08 DL 
2A <0.005 3.67 <0.011 0.16 1.08 0.18 0.29 
2B <0.005 1.35 <0.011 0.13 1.12 0.14 0.21 
3A <0.005 0.58 <0.011 0.01 1.13 <0.033 <0.099 
3B <0.005 4.85 <0.011 0.01 1.02 <0.033 <0.099 
4A <0.005 0.67 <0.011 0.12 1.65 0.05 <0.099 
4B <0.005 0.42 <0.011 0.12 1.60 0.12 0.13 
5A <0.005 1.78 <0.011 0.08 2.01 0.19 <0.099 
5B <0.005 1.35 <0.011 0.07 2.02 0.11 <0.099 
% -- 0.912 -- 13.42657
343 
12.391 6.409 -- 
 
 
Site Sm  Sn  Sr  Ta  Tb  Te  Th  
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(µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) (µg/L) 
1A       0.03 <0.204 160.78 <0.113 <0.006 <0.111 -- 
1B 0.02 <0.204 157.28 <0.113 <0.006 <0.111 -- 
2A 0.03 <0.204 349.97 <0.113 <0.006 <0.111 -- 
2B 0.02 <0.204 351.79 <0.113 <0.006 <0.111 <0.001 
3A 0.60 <0.204 312.08 <0.113 0.09 <0.111 0.03 
3B 0.09 <0.204 318.99 <0.113 <0.006 <0.111 <0.001 
4A 0.03 <0.204 139.13 <0.113 <0.006 <0.111 0.01 
4B 0.02 <0.204 139.79 <0.113 <0.006 <0.111 -- 
5A 0.06 <0.204 565.05 <0.113 <0.006 <0.111 0.02 
5B 0.01 <0.204 540.04 <0.113 <0.006 <0.111 -- 
% 3.932 -- 4.573 -- -- -- -- 
 
 
 
Site Ti  
(µg/L) 
Tl  
(µg/L) 
Tm 
(µg/L) 
U  (µg/L) V  (µg/L) Y  (µg/L) Yb  
(µg/L) 
1A       2.46 <0.047 <0.003 1.27 <0.452 0.04 <0.004 
1B 1.56 <0.047 <0.003 1.24 <0.452 0.02 <0.004 
2A 1.67 <0.047 <0.003 1.90 0.45 0.03 <0.004 
2B 0.60 <0.047 <0.003 1.94 <0.452 0.01 <0.004 
3A 0.63 <0.047 0.02 1.51 <0.452 2.74 0.16 
3B 0.93 <0.047 <0.003 0.02 <0.452 0.63 -- 
4A 1.66 <0.047 <0.003 0.88 <0.452 0.05 <0.004 
4B 0.95 <0.047 <0.003 0.87 <0.452 0.04 <0.004 
5A 5.65 <0.047 <0.003 1.60 <0.452 0.12 <0.004 
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5B 1.22 <0.047 <0.003 1.49 <0.452 0.02 <0.004 
% 4.790 -- -- 2.162 -- 2.143 -- 
 
Site Zn (µg/L) Zr  
(µg/L) 
Sum Anions 
(meq/L) 
Sum 
Cations 
(meq/L) 
Charge 
Imbalance 
% 
Hardness 
1A       1.56 <0.013 0.11 0.14 12 67.70 
1B 3.42 <0.013 0.11 0.14 12 68.90 
2A 81.39 0.01 0.31 0.50 23 135.00 
2B 7.49 <0.013 0.31 0.39 11 134.00 
3A 42.40 <0.013 0.19 0.25 13 68.10 
3B 165.66 <0.013 0.18 0.24 14 67.40 
4A 7.23 0.03 0.24 0.30 11 84.70 
4B 9.81 0.02 0.24 0.30 11 85.0 
5A 15.43 0.04 0.19 0.24 12 95.3 
5B 9.94 0.07 0.19 0.25 13 93.8 
% 1.710 95.705 -- -- -- -- 
 
 
Table 7. Strontium characteristics of unacidified, and filtered samples from each site using TIMS 
methods, including uncertainty measurements 
[µg/L, micrograms per liter, UNC, uncertainty, 87Sr/86Sr, Strontium 87/86 ratios] 
Site Sr (µg/L) UNC 87Sr/86Sr UNC 
1B 158.1 0.1 0.720456 0.000009 
2B  313.4 0.3 0.716358 0.000007 
3B 271.8 0.4 0.713589 0.000009 
4B 139 0.1 0.724629 0.000008 
5B 487.7 0.8 0.712877 0.000007 
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Table 8. Atmospheric concentrations of ions in ueq/L of N. Central Colorado (Clow and Mast, 
1995) 
 ANC H+ Ca2+ Mg2+ Na+ K+ NH4+ Cl- SO42- NO3- SiO2 
Precip. na 14.9 8.5 1.9 2.0 0.6 16.8 2.8 17.9 21.0 nna 
 
 
DISCUSSION 
The Front Range creeks include Upper Boulder Creek, Left Hand Creek and Coal Creek. 
The headwater region of Boulder and St. Vrain Creek watershed contain streamflow primarily 
originating from snowpack stored within the water shed (Murphy et al., 2000). They each have 
minimal anthropogenic contributions, and display similar major ion compositions. The waters 
seen in these creeks are formed in natural environments and contain solutes indicative of the 
geologic and geographic characteristics surrounding the area. Bedrock weathering, 
mineralization and precipitation are the three primary factors controlling surface water chemistry 
of the Front Range creeks (Murphy et al., 2000). The rocks in the watershed primarily consist of 
Precambrian granitic rocks and gneisses (Peterman and Hedge 1968). The weathering of such 
rocks would release specific ions to waters such as Na, Ca, Al, K, and Si (Blatt and Tracey, 
1997).  
Coal Creek and upper Boulder Creek have strontium isotopic compositions that are 
consistent with a significant component from weathering of Precambrian granite. Strontium 
isotopic concentrations and ratios were tested in feldspars within the Precambrian rocks (130 to 
36900 µg/L) (0.71097 to 0.70828) (Peterman et al., 2012). The strontium isotopic compositions 
from Front Range creeks in this study are consistent with what we would expect from strontium 
derived from weathering of feldspars in the Precambrian granite.  
Mineral dissolution, however, due to weathering of bedrocks may not be enough to 
account for all calcium compositions in Front Range waters. Assuming all minerals in the water 
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came from dissolution of bedrock, the stoichiometric weathering of dominant bedrock minerals 
are in excess with respect to silica concentrations (Clow, 1997) (Faure, 1998). According to 
Clow, mixing calculations based on 87Sr/86Sr indicate that on an annual basis, about 26 % of Ca 
export in streams is atmospherically derived (Table 8), whereas 23% is from weathering of 
plagioclase and the remainder is from weathering of calcite present in bedrock. This might be the 
case in Lake Creek and Upper Boulder Creek waters because they are unaffected by 
anthropogenic sources, which can largely change water compositions. Eolian dust can contribute 
calcium to waters of the Front Range (Clow, 1997) as seen in Loch Vale, located 60 miles north 
of the area of study.  
Left Hand Creek varies slightly in its surface water composition. It has higher 
concentrations of metal solutes in the water, a lower pH, lower 87Sr/86Sr and high Sr 
concentrations.  Strontium isotopic ratios are consistent with what we would expect due to 
weathering and mixing of early Cenozoic alkaline igneous rocks with similar strontium 
characteristics (0.70868) (584 µg/L) (Simmons and Hedge, 1978). The North American Volcanic 
and Intrusive Rock Database (NAVDAT) is a repository for age, chemical and isotopic data from 
Mesozoic and younger igneous rocks in western North America, found on the web and used for 
strontium values found in this study (Simmons and Hedge, 1978).  These same Cenozoic igneous 
rocks likely provided the waters of Left Hand Creek with metals such as copper and iron. The 
enrichment occurs due to oxidation of sulfur rich minerals, and is enhanced by increased 
weathering due to anthropogenic acid mine drainage (Goddard 1947). Acid mine drainage 
explains the pH difference between Left Hand Creek and Boulder and Coal Creek.  
As Boulder Creek and its tributaries flow from the mountains eastward towards the 
plains, they are subject to changes in geology, climate, land use, which produces change in 
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sources of solutes and surface water chemistry (Murphy et al., 2000). Lower Boulder Creek has 
the greatest variations in surface water chemistry due to anthropogenic effluent and underlying 
bedrock changing from crystalline to sedimentary. Lower Boulder Creek contains high nitrate, 
sodium and chloride concentrations compared to the other sample locations. Elevated sodium 
and chloride concentrations can be due to anthropogenic effects from use of road, salt, animal 
and human waste or leaking landfills (Panno et al., 2006). Nitrate most commonly reaches 
surface waters as a consequence of agricultural activity from wastewater (Speijers, 2011).  
Strontium concentrations found in lower Boulder Creek’s urban landscape is modified 
from the strontium concentrations found in feldspars from Precambrian granite. The change in 
strontium composition from Upper Boulder Creek, and Coal Creek to lower Boulder Creek is 
indicative of a change in the source of strontium (Clow and Mast, 1997). Strontium could be 
derived from exchangeable strontium adsorbed on Cretaceous sedimentary rocks exposed to the 
surface (Verplanck, 2016).  
Waters of Lake Creek are similar to that in Front Range creeks because they both have 
minimal effects from urban populations. Lake Creek differs in water chemistry from the Front 
Range creeks due to its anomalously high iron, copper and aluminum concentrations. Natural 
acid rock drainage is apparent within Lake Creek watershed and multiple studies have been done 
on the hydrochemical characteristics of Lake Creek alone (Neubert et al., 2011) (Bird et al., 
2006). The high aluminum and iron content in Lake Creek is due to hydrothermal alteration of 
bedrock creating natural acid rock drainage (Neubert et al., 2011). In acid rock drainage, Fe2+ 
comes out of solution and undergoes oxidation, when weathered in situ, Fe3+ and acidity is 
formed, Fe3+ is highly insoluble and therefore precipitates out of solution forming a red/orange 
discoloration typically associated with acid mine drainage (rust) (Faure, 1998). Aluminum and 
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iron are highly insoluble under midrange pH (Kehew, 2001).  The presence of Al and Fe in 
unfiltered samples is indicative of acidic waters upstream, which weathered primary minerals 
containing high amounts of Fe and Al, due to a high gradient allows us to see aluminum 
traveling with colloidal sediment in the form of oxyhydroxide or sulfate (Verplanck, 2016). The 
presence of humic and fullvic acid (organic molecules) could assist in the transport of aluminum.  
Strontium characteristics and rare earth element concentrations normalized to chondrite 
in Lake Creek waters are consistent with what we see in the Grizzly Peak bedrock in the 
headwaters of the creek (Bird, 2006) (Fridrich, 1990). The strontium composition of Grizzly 
Peak Tuff recorded by Johnson and Fridrich is 87Sr/86Sr=0.70971-0.71704 and 324-727 µg/L. 
The rare earth element composition of Lake Creek is analogous with the rare earth element 
composition of Grizzly Peak Tuff. Grizzly Peak Tuff is largely enriched in LREE, normalized to 
chondrite meteorite (Johnson and Fridirch, 1990). A lower concentration in strontium relative to 
Grizzly Peak tuff could be due to adsorption from other bedrock downstream from the source of 
the waters.  
 
FUTURE STUDIES 
 Future studies to further understand this project would include gathering more samples 
from headwaters of each stream. Gathering more samples upstream would allow us to better 
compare our bulk geochemistry with that of the bedrock source for the waters. Collecting more 
samples along Boulder Creek would be helpful to see when the strontium composition begins to 
change along the creek and at what rate it is changing. Including stability diagrams of major and 
trace elements that were abundant in some waters relative to the other waters would be useful to 
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clarify water chemistry. The application of this study is important for future field geologist and 
researchers interested in water chemistry of the study area. 
 
CONCLUSION 
 
In this study I used strontium isotopic composition and major and trace element 
geochemistry to classify waters and identify sources of dissolved solutes in the waters. Through 
the use of major and minor trace element geochemistry and strontium isotopes, one can trace the 
history of the water and determine their source. The waters pertaining to this study were affected 
by bedrock weathering, mineralization and precipitation (Murphy et al., 2000). Strontium 
concentrations were sourced primarily form underlying bedrock. Front Range creeks had 
strontium concentrations reflecting crystalline Precambrian bedrock, Lower Boulder Creek had 
strontium concentrations indicative of Paleozoic and Mesozoic sedimentary bedrock and Lake 
Creek had strontium compositions reflective of Eocene age igneous bedrock. Front Range creeks 
were left mostly untouched by urban populations, excluding Left Hand Creek, which is largely 
affected by acid mine drainage. Jamestown, known for its rich mining history has clear effects on 
the surface water chemistry of Left Hand Creek. Lower Boulder creek water shows 
anthropogenic affects in its waters. Lake Creek has surface water chemistry that varies slightly 
from Front Range waters, due to acid rock drainage. But each of the waters has the same bulk 
water composition.  
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APPENDIX 
 
Figure 1. Classification of hydrochemical facies using the Piper plot. Facies names include 
combinations of cation and anion types (Kehew) 
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Figure 2. Piper diagram showing the bulk water composition of filtered water samples from each 
sampling site 
 
Figure 3. Piper diagram showing the bulk water composition of unfiltered water samples from 
each sampling site 
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Figure 4.  Schoeller diagram representing major trace element compositions in meq/kg or 
milliequivalents per kilogram of each unfiltered sample 
 
Figure 5.  Schoeller diagram representing major trace element compositions in meq/kg or 
milliequivalents per kilogram of each filtered sample 
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Figure 6. Plot showing 87Sr/86Sr isotopic compositions versus 1/[Sr] in ppb or microgram per 
liter of water 2 component mixing 
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Figure 7. Plot showing strontium concentrations in ppb, or micrograms per liter resulting from 
two different methods of measurement, TIMS and ICP-MS. Error bars indicated by vertical 
notches  
 
Figure 8. Graph showing the rare earth element pattern of waters from Upper Boulder Creek, 
filtered and unfiltered. Dissolved rare earth elements are normalized to Chondrite meteorite with 
values from McDonough and Sun, 1995  
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Figure 9. Graph showing the rare earth element pattern of waters from Lower Boulder Creek, 
filtered and unfiltered. Dissolved rare earth elements are normalized to Chondrite meteorite with 
values from McDonough and Sun, 1995  
 
Figure 10. Graph showing the rare earth element pattern of waters from Lake Creek, filtered and 
unfiltered. Dissolved rare earth elements are normalized to Chondrite meteorite with values from 
McDonough and Sun, 1995  
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Figure 11. Graph showing the rare earth element pattern of waters from Coal Creek, filtered and 
unfiltered. Dissolved rare earth elements are normalized to Chondrite meteorite with values from 
McDonough and Sun, 1995  
 
 
Figure 12. Graph showing the rare earth element pattern of waters from Left Hand Creek, filtered 
and unfiltered. Dissolved rare earth elements are normalized to Chondrite meteorite with values 
from McDonough and Sun, 1995  
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